In Brazil, more efficient methods are a necessity for evaluating blast severity on spikes in the breeding programs of rye, triticale, wheat, and barley. The objective of this work was to determine the feasibility of assessing blast severity based on the analysis of digital images of symptomatic rye and triticale spikes. Triticale and rye genotypes were grown to anthesis in pots and were then inoculated with a mixture of Magnaporthe oryzae isolates. Blast severity on the spikes was evaluated visually and after that the spikes were detached and photographed. Blast severity was determined using the program ImageJ to analyze the obtained images. Two methods of image analysis were used: selection of symptomatic areas using a mouse cursor (SCU) and selection of symptomatic areas using image segmentation (SIS). The SCU method was considered the standard reference method for determining the true value of blast severity on spikes. An analysis of variance did not determine any difference among the evaluation methods. The coefficient of determination (
Introduction
Blast disease, caused by Magnaporthe oryzae B. Couch (anamorph. Pyricularia oryzae Cavara), is a major constraint to food production in the world, affecting crops of high agricultural importance, such as rice. Since the mid-1980s, blast has also constituted one of the most serious problems for wheat crops in South America, especially in Brazil, Bolivia, and Paraguay. In Brazil, among the crops known as "winter cereals, " the problem transcends wheat fields, affecting triticale and rye. Despite being relatively minor crops in terms of occupied area, these crops suffer significantly from blast. The first observation of the disease in rye fields was in 1995, in Paraná State [1] . It was observed in triticale in the same year, in experiments conducted at Embrapa Cerrados, Planaltina, DF [2] . In general, blast is as difficult to control in these two crops as it is in wheat. The adoption of management practices such as crop rotation, balanced fertilization, and fungicide application on the aerial parts of the plants is not enough to prevent blast damage, especially in seasons of severe epidemics.
A contributing factor to the significant blast damage that is observed in Brazilian fields is the susceptibility of available rye and triticale cultivars. This situation demonstrates that the development of cultivars with better levels of resistance to blast is an essential component of disease control strategies. Improving the evaluation process of genotypes in relation to the disease would be valuable for this endeavor. One alternative that has successfully improved genotype evaluation is the analysis of digital images of diseased plants [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The advantage of this strategy over the conventional method of visual evaluation of disease severity is that it provides greater accuracy and reliability, although it does require image capturing devices and more specialized operators.
When evaluating disease severity using digital image analysis, it is important to understand that it is not possible to accurately assess the lesion area or the proportion of diseased area to the entire plant without a reference standard.
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According to Madden et al. [13] , it is necessary to find the "actual" value of disease (i.e., the "true value" or "gold standard"). There are currently several software packages that make it possible to find the "actual" value of a particular disease. ImageJ is a program that has several options for digital image analysis [14] , including the option to select areas affected by lesions using a mouse cursor. The program allows for the accurate determination of the value of these areas as well as a determination of their proportion of the total plant or affected segment.
The objective of this work was to determine the feasibility of assessing blast severity on rye and triticale based on the analysis of digital images of symptomatic spikes.
Materials and Methods
This work was conducted in the laboratory of plant pathology and in the greenhouse of Embrapa Wheat, in Passo Fundo, Rio Grande do Sul State (RS). The isolates used in the experiments were the monoconidial field isolates of M. oryzae Py11.151, Py11.152, and Py11.153, obtained in October 2011 from rye plants of the cultivars BRS Serrano, BR 1, and IPR 89, respectively. These plants were in experimental plots in an area of Embrapa Wheat, Passo Fundo, RS.
Inoculation and Plant Evaluation.
Isolates preserved on filter paper were transferred to Petri dishes containing an oatmeal agar medium and were incubated at [23] [24] [25] ∘ C for 12 days. To prepare the inoculum, the plates were washed with distilled water plus Tween-80 (2 drops/L). Five hundred mL of a suspension formed by mixing spores of the three strains of M. oryzae mentioned above, at a concentration of 2 × 10 5 conidia/mL, was used to inoculate the rye and triticale genotypes shown in Table 1 . The genotypes used in the experiment belong to the progenitor bank of the Embrapa wheat, rye, and triticale breeding program and are widely used in crosses to generate new cultivars. Plants of each genotype were grown in three pots, each containing three plants. Before inoculation, the plants were acclimatized at 24 ∘ C for 24 h. The plants were inoculated at anthesis, in Zadok's growth stages 60-69 [15] . Late tillers of each plant were removed before inoculation, leaving 6 to 12 similarstage spikes per pot, from which 5 were randomly selected for evaluation. The experiment was conducted twice in a completely randomized design.
After inoculation, the plants were incubated in a growth chamber at 24 ∘ C with alternate light and dark periods of 12 h, under nebulization of 120 s at intervals of 60 s. After the first 24 h, the humidity of the chamber was altered, with a nebulization of 60 s every 1800 s. The plants were kept under these conditions for 4 days. After a postinoculation period of 5 days, the plants were placed outdoors under natural conditions, where they stayed for 6 more days until the last evaluation. The daily relative humidity (RH) and minimum and maximum temperature during the period in which the plants were kept outdoors ranged from 60 to 87%, 11.3 to 16.3 ∘ C, and 22.2 to 27.8 ∘ C, respectively. Spike disease severity was evaluated by visual assessment three times: at 7, 9, and 11 days after inoculation (dai). All emerged spikes (5 to 18/pot) were evaluated; however, only 5 spikes from each pot, chosen randomly, were considered in the statistical analysis. The severity data were used to determine the area under the disease progress curve (AUDPC) for each genotype.
Capturing and Processing
Images. Soon after visual assessment at 11 dai (Figure 1(a) ), the 5 spikes that were considered in the statistical analysis of each pot were collected; their stems were cut with a pair of scissors, and they were placed in identified paper bags and were kept at −20 ∘ C. The 5 spikes from each pot were placed in a different paper bag. The process of capturing images started 7 days after this procedure. Initially, the spikes were hydrated by placing them in a beaker of water for approximately 30 min. They were then allowed to dry on a paper towel for approximately 10 min. Photographs were taken of each group of five spikes obtained from each pot. The spike beards were removed before taking the photographs to avoid contrast that might interfere with the camera's focus. The spikes were placed on white sheets of paper on a laboratory bench, with a ruler placed on the bottom or on the left side of the sheets (Figure 1(a) ). The spikes were positioned so that the most symptomatic side faced the camera.
The images of the spikes were captured with a Sony Cybershot digital camera DSC/-H7/H9 (Sony, Brazil), handheld approximately 50 cm above the spikes. Each image was compressed and saved in joint photographic experts group (JPEG) format as input for the ImageJ program [14] , which was used to analyze the digital photographs. The unit used to measure the total, healthy, and symptomatic areas of the spikes was cm 2 , which was established based on the calibration dimensions made from the ruler scale that was below or beside the spike. A binary pattern of colors was used to determine the total area of the spikes, that is, the color black, on a white background (Figures 1(b) , 1(c), and 1(e)).
Based on the characteristics of the ImageJ program, two methods were adopted to select and quantify the area affected by the disease on the spikes: selection of symptomatic areas with the mouse cursor (SCU, Figures 1(d) and 1(e)) and selection of symptomatic areas by image segmentation (SIS, Figure 1 (b), [16, 17] ). Using the SCU method, the diseased spike area was calculated by subtracting the nondiseased spike area (marked with the mouse cursor) from the total spike area. The disease severity on the spikes was obtained by transforming the numerical data to percentage data. Using the SIS method, the program itself differentiated the colors on the spikes, classifying the darker areas as healthy and the clearer areas as diseased. The same principle of subtracting areas and transforming data from numerical to percentage, as described above, was used to obtain the values of blast severity on the spikes. The ImageJ program was used under the following conditions: 8 bits/pixel, 0.1% saturation of pixels, all particles considered (0 to infinity), and photosensitivity with 65% noise tolerance.
Statistical Analysis.
The statistical analysis was conducted using the SAS program (SAS Institute, Cary, NC, USA). The rye and triticale genotypes were compared using the AUDPC, the disease severity registered by the SCU and SIS methods, and visual assessment at 11 dai. The data were subjected to analysis of variance (ANOVA), and the discrimination of the variation among genotypes was performed using the Tukey test at 5% probability. The three methods were compared with each other by subjecting the data to ANOVA. Linear regression analysis was conducted between methods, including the AUDPC. The AUDPC data were not submitted to ANOVA along with the other methods of assessing severity because they measure a different variable.
The AUDPC represents the sum of three severity observations for each genotype, while the other methods rely on only one observation. The severity values were transformed into arc-sen square root ( /100), while the AUDPC values were transformed to the square root of + 10. The SAS program was also used to conduct the tests of significance of the linear regression analysis established between each two variables evaluated in the work ( , , and 2 ; Steel and [18] ).
Results
The tested genotypes showed a high degree of susceptibility to blast. Differences in assessed severity among the 27 tested genotypes were observed, measured in four different ways, that is, the AUDPC, SCU, SIS, and visual assessment at 11 dai (Tables 2 and 3 ). However, the Tukey test for these four different types of evaluations showed that most of the genotypes used in the experiment were statistically equal to each other in relation to disease severity. Such genotypes are characterized by severity and AUDPC values exactly the same letter in Table 2 and were formed by groups with 24, 16, 24, and 22 components according to the method used to assess the infection: SCU, SIS, visual assessment at 11 dai, and AUDPC, respectively. It is therefore possible to say that the four types of evaluations were performed comparably to classify the genotypes in terms of reaction to blast, considering that the compositions of the above mentioned groups were very similar. The four methods used to assess infection were performed similarly for classifying genotypes as nonbelonging to the larger groups mentioned above. The triticale line TPOLO 61 (number 23, Table 1 ) represents this case, having been the genotype that was found to be the most resistant to blast according to the three methods based on spike evaluation performed only one time (SCU, SIS, and visual assessment) and having the second lowest value of AUDPC. The triticale line PFT 0610 (number 11, Table 1 ) was ranked as the most susceptible in three of the four evaluation methods. The only exception was when the SCU method was used.
Most of the severity values (51 out of 81 samples) obtained using the SIS method were higher than those obtained using the SCU method. After reducing the severity values of these 51 samples by 5%, an ANOVA did not determine any differences among the three evaluation methods based on a single observation of the spikes, that is, when the comparison was conducted among SCU, SIS, and visual assessment at 11 dai (data not shown). Five percent of reduction was an arbitrary correction factor chosen to become the values obtained by SIS method more similar to the values obtained by the SCU method.
The results of the linear regression analysis of the data series of each pair of variables evaluated in this work are presented in Table 3 . The -and -tests determined significance in the linear association between these four variables when compared pairwise. The 2 (coefficient of determination) test determined significance at < 0.01 for the associations SIS × SCU and AUDPC × visual assessment at 11 dai (Figure 2) . The 2 test determined significance at < 0.05 for the associations SCU × AUDPC and SCU × visual assessment at 11 dai. 
Discussion
Although a relatively small number of spikes were used in each assay (405/assay), it was not possible to carry out all evaluation procedures and image capturing in a single day, namely, at 11 dai, when the third blast visual assessment was conducted for all genotypes. For this reason, spikes were frozen at −20 ∘ C to ensure that the disease had the same amount of time to develop on the spikes of all genotypes. It is clear that the large-scale adoption of digital image analysis for blast severity evaluation requires more efficient methods for data collection so that all activities can be executed in a single day.
It is important to emphasize that the SCU method must be considered the method with the greatest potential to be the most precise and accurate, having been classified as the "method of truth. " We took into account the opinion of Madden et al. [13] , who asserted that without an estimate of the actual disease value, it is not possible to assess the accuracy of the measurement. There are reports about studies using other strategies for determining the actual disease value. It is possible, for example, from photos taken of symptomatic plants or segments of symptomatic plants, to dissect the diseased from healthy parts, to weigh them, and to perform an analysis based on the proportion of the two types of indentation pieces [19, 20] . In the present work, the selection of the injured areas with the mouse cursor on the computer, which was the basis of the SCU method, proved to be efficient for determining blast severity on the spikes. This statement is based mainly on the fact that an ANOVA did not verify differences among the three evaluation methods based on a single observation of spikes (SCU, SIS, and visual assessment at 11 dai; data not shown).
The linear regression analysis did not give the same results provided by the ANOVA when the three methods (SCU, SIS, and visual assessment at 11 dai) were compared and considered to be equivalent methods for severity evaluation (Figure 2 ). This assertion is made taking into account the 2 obtained from a linear regression analysis, which indicated nonsignificance in the linear association between SIS × visual assessment at 11 dai, as well as in the association between SIS × AUDPPC. These results indicate that the data obtained by the SIS method were not as close to the data obtained through visual assessment. However, any conclusions on the subject must take into account that the subjective nature of visual assessment of disease severity may introduce considerable errors [21] [22] [23] [24] [25] situation that, possibly, influenced the coefficient of variation (CV) obtained in this study, which were relatively high in the assessments made with SCU, visual assessment at 11 dai, and AUDPC methods ( Table 2 ). The possibility that visual assessment may not be as accurate as other methods can be suggested, given that the association between SCU × visual assessment at 11 dai and SCU × AUDPPC had relatively low analysis lies primarily in how the data were obtained in the SCU method (method of truth), which must be considered as the most reliable for measuring the actual blast in the spikes. For this reason, the 2 value of 0.615 (Figure 2(a) ), obtained from the linear regression analysis between the SCU and SIS methods, is significant at < 0.01 and constitutes an important indication that the evaluation of blast severity on spikes using digital images is feasible and reliable. The fact that an ANOVA showed no difference between the SIS and SCU methods for evaluating blast severity on all 27 genotypes used in the experiment (Table 2) corroborates these statements.
Although a highly accurate system for assessing blast severity on spikes based on digital image analysis is desirable, there is no evaluation method as fast as visual assessment, and evaluators in the field are irreplaceable. Disease severity can be assessed very quickly in the field by scoring a large group of plants that make up a plot. The present work demonstrates that the analysis of digital images has certain advantages over this method, such as keeping the genotype reactions preserved and, most importantly, providing the potential for greater precision and accuracy.
One important point in favor of the use of the digital analysis method in rye and triticale is the lack of immunity to blast that genotypes of both crops have demonstrated, as mentioned in this work. These circumstances indicate that partial or quantitative resistance is the most viable alternative for obtaining cultivars more resistant to blast in the field. In this way, the SIS method provides a level of detail that is extremely relevant in quantitative assessments related to partial resistance. However, in situations in which a very large number of genotypes need to be evaluated, the large-scale adoption of a digital image analysis method requires a functional infrastructure, in addition to training the people involved in data collection. On the other hand, digital cameras, such as the one used in this work, are relatively inexpensive items available to any breeding program worldwide.
It is reasonable to assume that the SIS method does not have the sensitivity required to differentiate lesions associated with diseases such as scab and glume blotch, caused by Gibberella zeae and Leptosphaeria nodorum, respectively. The differentiation made by the SIS method in this study was between the darkest (green and healthy) and the clearest (injured) colors and there is no way of differentiating something a little clearer from something a little darker, which may be necessary, for example, when evaluating lesions caused by scab. In such cases, an analysis of digitized images of diseases on triticale and rye spikes, or on spikes of other species of cereals such as wheat and barley, requires that these spikes have homogeneous symptoms. Spikes with these characteristics can be obtained by assays conducted under controlled conditions involving the inoculation of plants with pure suspensions of the pathogen and in nurseries installed in places where there is a natural occurrence of a particular disease. In Brazil, considering wheat blast, or even rye and triticale blast, this last condition can be obtained in nurseries installed in regions of the Brazilian biome known as Cerrado, where the disease has a high level of prevalence during the heading time of these crops.
